The ability of observers to discriminate differences in global-motion-signal strength (that is the proportion of coherently moving dots in a field of randomly moving dots) was determined for both first and second-order stimuli. Observers could accurately discriminate differences in signal intensity for all reference signal levels tested; 20 -100%. A similar pattern of performance was obtained for both types of stimuli. The observed first-order signal-discrimination performance is compatible with the results of electrophysiological studies that have investigated the dependence of the firing rate of V5 cells (also called the middle temporal area) upon global-motion signal intensity.
Introduction
The finding of specialised visual areas outside of V1 has altered the way we conceptualise how the visual system operates (see Refs [1, 2] for reviews). Cells in these cortical areas appear to be tuned to relatively specific stimulus features. One of these areas that has received a great deal of attention is area V5 [3] ; also known as the middle-temporal area, MT. Most cells in V5 are sensitive to motion [4, 5] and appear to be specifically tuned to direction and speed of motion [6 -8] . A number of recent studies have more precisely established V5's role in motion analysis with a major function appearing to be the integration and comparison of the output of local motion detectors [9, 10] .
A class of stimuli that has been used quite extensively in mapping out the role of V5 are the global-motion stimuli developed by Williams and Sekuler [11] . The most common variation of the global-motion stimulus consists of a random-dot pattern in which only a few dots move in the same, or global-motion, direction. The remaining dots move in random, or noise, directions. The motion direction assigned to each dot is allocated at the start of each frame in the motion sequence and the signal strength can be varied by altering the proportion of the dots that are signal dots. The observer's task consists of extracting the coherent (global-motion) signal from the randomly moving dots. These characteristics make the global-motion task well suited to the apparent function of V5 and indeed a number of lesion [12] , clinical [13, 14] , microstimulation [15] [16] [17] and magnetic-stimulation [18] studies have convincingly linked the processing of the global-motion stimulus to the V5 level (or above) in the motion system.
Attempts have been made to directly link psychophysical performance on the global-motion task with the neuronal properties of V5 cells. Britten et al. [19] compared the ability of rhesus monkeys to perform the global-motion task with the sensitivity of V5 cells. The spatial and temporal properties of the stimulus were matched to the cell being investigated. Psychophysical thresholds were established while, simultaneously, the neuronal responses of the cell were recorded. Three rhesus monkeys were used and the results from 216 paired psychophysical and physiological measurements were analysed. It was found that the sensitivity of most single V5 cells was very similar to the psychophysical sensitivity displayed by the animal. Britten et al. [19] thus concluded that psychophysical decisions on the global-motion task could be based on the responses of only a few V5 cells [20] .
Britten et al. [21] have also investigated the response of V5 cells to global-motion signal strength; the proportion of the total number of dots that move in the global-motion direction. The data obtained in their study detailed above [19] was re-analysed to determine how the firing rate of each cell depended on the globalmotion signal level. They found that the response of most cells varied in a linear manner with increasing signal strength, and when nonlinearities occurred, they were equally likely to be compressive or expansive. An additional finding was that the variation in the magnitude of the response of any given cell was proportional to its firing rate.
The present paper is concerned with establishing the ability of human observers to discriminate differences in global-motion signal level. The results will be compared with the observed properties of V5 cells in the rhesus monkey. Given that most V5 cells give differential responses to global-motion signal levels over the entire range of available signal levels (0 -100%), it is expected that observers will be able to discriminate signal levels over this range (or at least over the range of threshold to 100%). Additionally, since the responses of many V5 cells vary in a predominantly linear manner with the signal level, if performance is based directly on the firing rate of the cells, then the ability to discriminate differences in global-motion signal level should be constant over this range.
First-order and second order stimuli
In motion processing, an important distinction can be made between first-order and second-order stimuli [22] . First-order stimuli are defined by variations in luminance or colour while second-order stimuli are defined by variations in the spatial distributions of these properties, e.g. contrast and texture [22] [23] [24] [25] [26] . First-order stimuli can be extracted by linear mechanisms while models that have been proposed to account for the processing of second-order stimuli typically involve a non-linear stage [24, 27, 28] . While it is theoretically possible to extract both first-and second-order motion via a common pathway [29] the results of a number of studies support the notion of independent systems [23, 30] -though also see [31, 32] . Furthermore, we have provided evidence that indicates that these systems remain independent up to and including the global-motion level [33] . Thus in the present study we investigated the ability of observers to discriminate global-motion signal strengths in both first-and second-order stimuli. In their study, Britten et al. [21] used only first-order stimuli. This means that while we can make predictions concerning the ability to discriminate signal strength differences for first-order stimuli, we can make no prediction for the second-order stimuli.
Method

Obser6ers
Three observers were used. The two authors and an observer who was naive with respect to the aims of the study. All had normal (ME and SM) or corrected to 6:3 (DB) acuity, with no history of visual disorders.
Stimuli
The global-motion stimulus consisted of an eight frame motion sequence. The duration of each frame was 50 ms, with no inter-frame interval being used, giving a total stimulus duration of 400 ms. The spatialstep size was 0.3°which resulted in a stimulus speed of 6°/s. This speed is in the optimum range for V5 cells [21, 7] . Dot diameter was 0.2°and each dot consisted of 13 pixels. The viewing aperture was a 12°diameter circle and 100 dots were presented in each frame, resulting in a dot density of 0.88 dots/degree 2 . This combination of dot density and spatial step size resulted in a low probability of false motion signals occurring [11] . The direction in which a particular dot moved was randomly assigned at the start of each frame. This meant that it was unlikely that any given dot moved in the same direction over two successive frames and that while a given dot may have been a signal dot in one motion frame, in the next it may have carried the noise signal. The same spatial step-size was applied to all dots (noise and signal) with noise dots differing from the signal dots by moving in random directions. The range of noise directions covered the full 360°(excluding the signal direction).
Two stimulus types were used, first-order and second-order. The first-order stimuli consisted of luminance defined dots on a uniform background. The dots had a luminance value of 25.5 cd/m 2 , and the background 18.1 cd/m 2 . The second-order dots were contrast defined. The background consisted of a static random-pixel field at 10% Michelson contrast. The dots were composed of light and dark pixels at 90% contrast. The pixels forming each dot were randomly assigned at the start of each motion frame in the eight frame sequence. Each pixel had an equal probability of being either light or dark, so that averaged over a number of frames of motion, the mean luminance of each dot was the same as the mean luminance of the background-18.1 cd/m 2 . This ensured that there was no systematic (first-order) luminance motion cue between successive motion frames due to either the luminance pattern of the dot, or due to constant polarity luminance differences between the dot and the backgroundand indeed we have previously shown that under these viewing conditions, the first-order global-motion system is insensitive to stimuli that change their contrast polar-ity as they move [34] . We have also previously shown that the first-order motion system is insensitive to second-order dots defined in the current manner [33] .
Observers ME and SM were tested with nine base-signal levels, (20, 30, 40 , 50, 60, 70, 80, 90 and 100) and DB with five levels (20, 40, 60, 80 and 100).
Apparatus
The stimuli were displayed on a Barco CDCT6551 RGB monitor, which was driven by the framestore section of a Cambridge Research Systems VSG 2/1 (providing 8 bit luminance resolution) in a host 80386 computer. Observer responses were recorded using a button box. The display had a refresh rate of 120Hz, and was calibrated using a Tektronix J16 photometer with a 1°luminance probe.
Procedure
We were interested in establishing the highest-signal level which could be discriminated from the base-signal level; that is the just-discriminable (JD) signal level. This was achieved by using a two-interval forced-choice procedure. One interval contained a reference stimulus, the signal level of which was fixed at a base level, and the other contained the test stimulus. The signal level of the test stimulus was varied using a modified staircase procedure, which converged on the 79% performance level. The staircase started at a signal level of 0% correlation, so that the test stimulus contained purely random motion. The maximum signal level that the staircase could reach was limited to the current basesignal level. The observer had to indicate which interval contained the base signal. This procedure establishes the highest JD signal level which could be discriminated from the base level, so the higher the JD signal, the better the observer was at discriminating differences in signal intensity.
The staircase was terminated after eight reversals, with the threshold being taken as the mean of the last six reversals. The initial step size was eight dots, and this was decreased after each of the first three reversals so the step size for the last six reversals was one dot. Each threshold represents the mean of ten staircases. Observers sat in a dark room, 0.71 m from the screen, with their head supported by a chin rest. Viewing was binocular and no feedback concerning the accuracy of response was given. Fig. 1 shows, for both the first-(solid-line) and second-order (dashed-line) stimuli, the just-discriminable (JD) signal level as a function of the base-signal level. Errors bars indicate plus and minus one standard error of the mean. The pattern of results is the same for all observers. For the second-order stimuli, there is a substantially linear increase in the JD signal-level with increasing base-signal level over the entire range of 20-100%. A similar linear increase occurs for the firstorder stimuli up to a base-signal level of about 80%, after which there is a significant increase in the JD signal-level. That is the ability to discriminate differences in signal intensity appears to improve. The relationship between the JD signal and the base-signal level is closely approximated by a linear function for both Fig. 1 . For both observers the just-discriminable signal level is plotted against the Base-Signal Level; that is the signal level that the observer could distinguish from a reference signal level plotted against that reference signal-level. Performance for both first-order (FO) and second-order (SO) stimuli are shown. The pattern of results for both observers is essentially the same with performance for first-order discrimination being slightly better than that for second order, and with performance being linearly related to the base-signal level. Table 1 The slope, Y-intercept and the correlation of the four sets of data shown in Fig. 1 Base the first-order stimuli, over the range of base-signal levels of 20-80%, and the second-order stimuli, over the range of base-signal levels of 20 -100%. The correlations and function parameters are shown in Table 1 . Fig. 2 shows how Weber fractions vary as a function of base-signal level for the two types of stimuli. The apparent improvement in the ability to discriminate differences in first-order signal levels at the highest signal levels appears to be due to a change in the nature of the task at signal levels of 90% and, in particular, 100%. At these signal levels the subjective impression of the observers was that the task appeared to change from comparing the percentage of signal dots to, in some manner, identifying the presence of noise dots. This is especially true for the 100% base-signal level condition, where the presence of only several noise dots was sufficient to identify the test interval. One possible cue that was used was the percept of rigid-body translation for the first-order stimuli at a signal level of 100%. That is at 100% signal level, the first-order dots appeared to move as a single uniform-sheet. As noise dots were introduced, this percept was rapidly lost, so that non-rigid-body translation was observed. It may have been this transformation from rigid to non-rigid body translation that the observers were basing their responses on. With the second-order stimuli, this percept of rigid-body translation was never observed, Thus the cue of the transformation of the percept from rigid to non-rigid translation was not available for the secondorder stimuli. Such a difference may account for the different pattern of results for the first-and second-order stimuli at high signal levels.
Results and discussion
One possible reason that the second-order stimuli resulted in no percept of rigid-body translation at high (100%) signal levels was the presence of the luminance flicker in the dots. This luminance flicker resulted from the random assignment of the light and dark luminances to the pixels comprising each dot at the beginning of each frame in the motion sequence. To determine whether this was the case, for two naive observers, we established performance with first-order dots that were defined in a similar manner to the second-order ones. That is, at the start of each frame of motion, each pixel that comprised the dots was randomly assigned to be one of two possible luminance values. However, unlike the second-order dots, both of these luminance values (34.3 and 22.2 cd/m 2 ) were above the average luminance of the textured background. For purposes of comparison, we also tested the two observers on the two conditions used in Experiment 1. Results are shown in Fig. 3 . As can be seen, for both observers, performance for the first-order dots that were defined in a similar manner to the second-order dots (SOFO) was the same as that obtained for the standard first-order dots (FO). Performance for the second-order dots (SO) was lower. The results of this study indicate that it was not the mere presence of the luminance flicker in the second-order dots that resulted in worse performance, as compared to the first-order dots, in Experiment 1.
There is another possible explanation for the improved performance at high signal levels for the first-order stimuli. While most of the cells tested by Britten et al. [21] demonstrated a linear relationship between firing-rate and global-motion signal level, a number did show an expansive non-linearity in their response profile. Additionally, Britten et al. [19] have demonstrated that global-motion thresholds can be accounted for by the response of only a few cells. It is thus possible that performance at high base-signal levels for the first-order stimuli was being mediated by these cells with expansive-nonlinear response characteristics. If this explanation is correct, then no such expansive response should be found when testing cells sensitive to second-order stimulus properties.
Another aspect of Fig. 1 and Table 1 that is apparent is that for all observers the graphs for the first-order and second-order stimuli have similar slopes. The only difference is in the y-offset-with the graph for the second-order stimuli being below that for the first order. While this pattern of results would seem to indicate that the ability to discriminate differences in signal-intensity in first-order stimuli is better than that for second-order stimuli, and that this difference in performance is effectively constant over the base-signal range of 20-80%, such a claim cannot be made. This is because we did not match the contrasts of the first-and second-order stimuli, since we where interested in the pattern of performance for the two tasks and not in their relative performance. It should be noted that matching the contrast of various stimuli in a global-motion task is not a simple one since it is insufficient to merely equate them in terms of global-motion thresholds [35] . Results for two naive observers tested under the first-order (FO) and second-order (SO) conditions used in the main experiment, plus a first-order condition in which both the dots and background were textured like the second-order condition (SOFO). In the SOFO condition, both of the dot luminance values were above the average luminance of the textured background. For both observers, performance for the two first-order conditions are the same an better, especially at the higher signal levels, than the second-order condition. 
Conclusions
Britten et al. [21] have shown that the response of V5 cells in rhesus monkeys vary in a substantially linear manner with changes in global-motion signal strength. The findings from the present study indicate that performance of human observers to discriminate globalmotion signal levels mirrors the properties of those cells. For both the first-and second-order stimuli observers were able to discriminate differences in signal level over the entire range of signal levels presented (20-100%) and their performance was substantially linear, though not Weberian, over this range. The only deviation from this stable performance was the improvement in performance for the two highest first-order signal-level conditions (90 and 100%). As discussed above, this variation was likely due to a change in the nature of the task for these conditions, that is the task became the detection of noise dots, rather than discriminating signal differences.
Britten et al. [21] used only first-order stimuli in their study. The present finding that the pattern of results for second-order discrimination is similar to that for the first-order stimuli suggests that the relationship between the firing rate of V5 cells tuned to second-order globalmotion signal strength should also be substantially linear.
